[1] Seismic and geochemical observations indicate a compositionally heterogeneous mantle in the lower mantle, suggesting a layered mantle. The volume and composition of each layer, however, remain poorly constrained. This study seeks to constrain the layered mantle model from observed plume excess temperature, plume heat flux, and upper mantle temperature. Three-dimensional spherical models of whole mantle and layered mantle convection are computed for different Rayleigh number, internal heat generation, buoyancy number, and bottom layer thickness for layered mantle models. The model results show that these observations are controlled by internal heating rate in the layer overlying the thermal boundary layer from which mantle plumes are originated. To reproduce the observations, internal heating rate needs $65% for whole mantle convection, but for layered mantle models, the internal heating rate for the top layer is $60-65% for averaged bottom layer thicknesses <$1100 km. The heat flux at the core-mantle boundary (CMB) is constrained to be $12.6 TW for whole mantle convection. For layered mantle, an upper bound on the CMB heat flux is $14.4 TW. For mantle secular cooling rate of $80 K/Ga, the current study suggests that the top layer of a layered mantle is relatively thick (>2520 km) and has radiogenic heat generation rate >2.82 Â 10 À12 W/kg that is >3 times of that for the depleted mantle source for mid-ocean ridge basalts (DMM). For the top layer to have the radiogenic heat generation of the DMM, mantle secular cooling rate needs to exceed 145 K/Ga. The current study also shows that plume temperature in the upper mantle is about half of the CMB temperature for whole mantle convection or $0.6 of temperature at compositional boundary for a layered mantle, independent of internal heating rate and Rayleigh number. Finally, the model calculations confirm that mantle plumes accounts for the majority ($80%) of CMB heat flux in whole mantle convection models. However, plume heat flux decreases significantly by as much as a factor of 3, as plumes ascend through the mantle to the upper mantle, owing to the adiabatic and possibly diffusive cooling of the plumes and owing to slight ($180 K) subadiabaticity in mantle geotherm.
Introduction
[2] Recent seismic studies including tomographic imaging [Su and Dziewonski, 1997; Masters et al., 2000; Ishii and Tromp, 1999] and waveform modeling [Ni et al., 2002 [Ni et al., , 2005 Wen et al., 2001; Wang and Wen, 2004] indicate that the mantle is compositionally heterogeneous, particularly at large depths in the lower mantle below the Pacific and Africa. A compositionally heterogeneous mantle appears to be broadly consistent with geochemical observations that suggest the existence of mantle reservoirs of different compositions from which different volcanic rocks are derived [e.g., Hofmann, 1997] . For example, mid-ocean ridge basalts (MORB) are thought to be derived from a shallow or top layer that is more depleted in incompatible elements including radioactive elements, while oceanic island basalts (OIB) may originate from a deep or bottom layer that is more enriched with incompatible elements [Hofmann, 1997] . However, mantle compositional structure including the volume and composition of each layer remains poorly constrained. In particular, geochemical studies often suggest that the bottom layer is significantly more enriched in radiogenic elements than the top layer and should also account for a significant fraction of the mantle mass [Hofmann, 1997; Workman and Hart, 2005] . However, many of seismic studies suggest a bottom layer that seems to be too small in volume to be consistent with geochemical requirements [Su and Dziewonski, 1997; Masters et al., 2000] .
[3] Mantle compositional structure (i.e., isochemical and whole mantle convection versus thermochemical and lay-ered mantle convection) has significant effects on the dynamics of the mantle, as demonstrated by studies on heat transfer and mantle structure for a compositionally heterogeneous or layered mantle [Davaille, 1999a [Davaille, , 1999b Tackley, 1998 Tackley, , 2002 Kellogg et al., 1999; Jellinek and Manga, 2002; Zhong, 2004, 2005] . Although these studies provide important insights into the dynamics of a layered mantle, little attempt has been made to examine the consequences of a layered mantle to surface observations that may be used to constrain layered mantle models. The main purpose of this study is to examine the effects of a layered mantle on plume dynamics and to constrain layered mantle models by using observations of upper mantle temperature and of mantle plumes including excess temperature and heat flux.
[4] Mantle plumes may be originated from thermal boundary layer (TBL) instabilities at either CMB for a whole mantle model or a compositional interface for a layered mantle, thus carrying important information about the deep mantle. Mantle plumes are important agents to release the heat from the layer underlying the TBL from which the plumes are derived [Morgan, 1971; Davies, 1988; Sleep, 1990] . Although seismic studies have provided strong evidence for mantle plumes [Wolfe et al., 1997; Montelli et al., 2004] , some of the most important constraints on plume dynamics come from surface geophysical and geochemical observations that determine in the upper mantle plume excess temperature at 250°-350°C or $19-27% of the ambient upper mantle temperature of 1280°C [Schilling, 1991; Farnetani, 1997] and heat flux carried by plumes at $2.4-3.5 TW or $6-10% of the total mantle heat flux [Davies, 1988; Sleep, 1990] .
[5] The inferred plume excess temperature, plume heat flux and mantle background temperature have implications for mantle models. In a whole mantle model, the plume heat flux was considered as heat flux from the core to the mantle [Davies, 1988; Sleep, 1990] , and the plume heat flux was used to estimate the internal heating rate for the mantle convection at 90% and to study the evolution of the core and mantle [Davies, 1999] . For a layered mantle, the plume heat flux should reflect the heat flux from the bottom to top layers of the mantle, thus posing constraints on the layered mantle model. For example, it was suggested that the classical layered mantle model with layering at the upper and lower mantle boundary was untenable [Davies, 1999] , because it would result in too large plume heat flux than the observed with the lower mantle being significantly more enriched with heat-producing elements [Hofmann, 1997] . It was suggested that plume excess temperature in whole mantle convection models is much larger than the inferred 250°-350°C that however can be reproduced with layered mantle models [Farnetani, 1997] . On the other hand, it was suggested that layered mantle models may lead to upper mantle temperature that is too small compared with the observed [Spohn and Schubert, 1982; McNamara and van Keken, 2000] .
[6] However, a number of important questions need to be resolved for these observations to be useful in constraining mantle models. First, it has been pointed out that in a whole mantle convection model, the estimated plume heat flux may only represent a lower bound on the CMB heat flux, because part of the CMB heat flux should be consumed to heat up downwelling slabs that reach the CMB [Labrosse, 2002] . Therefore the estimated plume heat flux at the upper mantle depths may only represent a fraction of heat flux either from the core in a whole mantle convection model or from the bottom layer of a layered mantle. Second, the effects of layered mantle on plume excess temperature [Farnetani, 1997] and upper mantle temperature [Spohn and Schubert, 1982; McNamara and van Keken, 2000] were examined in either transient models with a single plume or parameterized convection models. It is necessary to examine steady state solutions in fully dynamic models.
[7] In this study, using both isochemical and thermochemical convection models in 3-D spherical geometry with extended-Boussinesq approximation we examine the controls on these three observables: plume heat flux, plume excess temperature and the upper mantle temperature. We investigate to what extent plume heat flux represents the heat loss of the layer underlying the TBL from which plumes are originated and what constraints these observations may collectively pose on the mantle models. Different from previous studies that mostly focused on only one of these three observables using 2-D models with a single plume or parameterized convection models, the current study examines simultaneously all these three observables in 3-D spherical models with fully dynamic plumes. In what follows, we will first describe 3-D models of mantle plumes and methods to quantify plume observations. We will then present results for isochemical and thermochemical models. Before presenting conclusions, we will discuss the implications of our results for layered mantle models, geochemistry and heat budget of the Earth.
Models and Methods
[8] We consider isochemical (whole mantle convection) and thermochemical (layered mantle) models with extendedBoussinesq approximation in 3-D regional spherical geometry for incompressible fluids with depth-and temperature-dependent viscosity, and depth-dependent thermal conductivity and coefficient of thermal expansion. The basic physical processes of thermal convection can be described by the conservation laws of mass, momentum, and energy. The nondimensional governing equations are
where u, P, h, a, T, k, T s , D i , u r , s ij and H are the velocity vector, pressure, viscosity, coefficient of thermal expansion, temperature, thermal diffusivity, surface temperature, dissipation number, radial velocity, deviatoric stress, and heat production rate, respectively; x = (R e /D) 3 with R e as the Earth's radius and D as the mantle thickness; C represents the composition and is only relevant for thermochemical convection models, and C is 0 and 1 for mantle materials in the top and the bottom layers of a layered mantle, respectively; G k , w k , and p k are phase function, Clapeyron slope, and excess pressure for phase k (k = 1 and 2 for olivine-spinel and spinel-pervoskite phase changes, respectively), respectively [Christensen and Yuen, 1985] ; e r is the unit vector in radial direction; and Ra, b, and Ra k are a Rayleigh number, compositional buoyancy number, and phase change Rayleigh number for phase change k, respectively. These equations were obtained by using the following characteristic scales: length R e , time R e 2 /k 0 , and temperature DT. Ra, b, Ra k , D i , and H are defined as
where a 0 , and k 0 , and r 0 are the reference coefficient of thermal expansion, thermal diffusivity, and mantle density that are all taken as the values at the surface, h 0 is the reference viscosity that is taken as the viscosity at the bottom boundary,
s is the temperature difference across the mantle with T 0 b and T 0 s as the CMB and surface temperature, respectively (T 0 s = 273 K), Dr is density difference between the two compositions; Dr k is the density change for phase change k, C p is the specific heat, g is the gravitational acceleration, and g is internal heat generation rate. Notice that in the definition of buoyancy number b, a is the coefficient of thermal expansion at the density interface. All the relevant parameters are given in Table 1 . It should be pointed out that for isochemical models with b = 0, equations (1) -(3) become identical to those given by Christensen and Yuen [1985] .
[9] The models are formulated in a regional spherical geometry, and the computational domain is from 40°to 140°in colatitude, 0°to 110°in longitude, and r i = 0.55 to r o = 1 in radius (Figure 1) . The surface and CMB are isothermal and free-slip, while along the side boundaries thermally insulating and free-slip boundary conditions are used. From the surface to CMB, thermal conductivity increases by a factor of 2.18 and the coefficient of thermal expansion a decreases by a factor of 5 [e.g., Tackley, 2002] . Mantle viscosity is both depth and temperature dependent, and nondimensional viscosity is given by
where h r is 1/30 between 100 km and 670 km depths and is 1 otherwise, E is the nondimensional activation energy, DT s_a is the total super-adiabatic temperature difference from the CMB to surface, and T adi (r) is the adiabatic temperature at radius r and is determined by downward integration of adiabatic gradient ga(r)T ave (r)/c p [Turcotte and Schubert, 2002] from the base of the top thermal boundary layer r ttbl where the adiabatic temperature is T adi (r ttbl ) and T ave (r) is the averaged temperature. E is 6.90776 for this study and it gives rise to 10 3 viscosity variations (i.e., mobile-lid convection) for super-adiabatic temperatures varying from the surface to CMB. In addition to the temperature-dependent viscosity, the radial viscosity includes a factor of 30 reduction between 100 km and 670 km depths and an additional factor of 10 linear increase from the surface to the CMB, and this is broadly consistent with that from long-wavelength geoid studies [Hager and Richards, 1989] .
[10] Given the large number of parameters involved in the models, we need to identify controlling parameters that we may vary systematically, while fixing other parameters. Table 1 lists all the fixed parameters including those for the phase changes, thermal diffusivity and coefficient of thermal expansion. For isochemical models, two controlling parameters are Rayleigh number Ra and internal heat generation rate H, while for thermochemical models, two additional controlling parameters are buoyancy number b and average thickness for the bottom layer d b . Notice that reference viscosity h 0 and temperature difference across the mantle DT are not specified and they are related to each other through Ra (equation (5)).
[11] The governing equations are solved with a finite element code CitcomCU. CitcomCU was derived from an original Cartesian code Citcom [Moresi and Gurnis, 1996] but with many new extensions. CitcomCU works in both 3-D Cartesian and regional spherical geometries for isochemical and thermochemical convection with either Thermal expansivity decreases by a factor of 5 from surface to the CMB, while thermal conductivity increases by a factor of 2.18 from surface to the CMB.
Boussinesq or extended-Boussinesq approximation. The numerical methods and benchmark cases for both isochemical and thermochemical convection models are presented in Appendix A.
[12] All the model calculations except for resolution tests are done with 256 Â 192 Â 64 (colatitudinal, longitudinal, and radial directions, respectively) elements and $5 Â 10 7 particles (applicable only for thermochemical cases). Numerical grids are refined near the TBLs and in the upper mantle. In this study, we are only interested in statistically steady state results. For an isochemical model, we often take a temperature field from a similar model as initial field and integrate the model for on average $70,000 time steps to an approximately statistically steady state. For a thermochemical model, we first compute a 2-D spherically axisymmetric geometry model with identical thermochemical convection parameters to a steady state using a finite element code [Roberts and Zhong, 2004] , and the resulting horizontally averaged temperature superimposed with random perturbation is then used as initial temperature for the 3-D calculation which often takes $25,000 time steps to a steady state. After each model (isochemical and thermochemical) reaches a statistically steady state, the model is integrated for another 20,000 time steps or 5 -10 transit times. Only the steady state results of heat flux, plume heat flux, plume excess temperature, upper mantle temperature, and other model outputs are quantified and analyzed. Each model run on average takes $8 days on 24 Pentium 4 Xeon 2.4 GHz Processors.
Results

Isochemical Models
[13] In total, 21 isochemical and thermochemical models with different controlling parameters are computed. We first present eight isochemical models in which internal heat generation H varies between 18 and 108 and Rayleigh number Ra varies from 1.33 Â 10 7 to 1.2 Â 10 8 (Table 2 ). For Case WM1 with Ra = 1.2 Â 10 8 and H = 72, a snapshot of representative thermal structure in a statistically steady state shows downwellings and upwelling plumes, and the convection is time dependent (Figures 1a and 2a) . The downwellings indicate that the convection is in a mobile lid regime, characteristic of Earth's plate tectonic style of mantle convection. Plumes thin as they ascend and are significantly thinner in the upper mantle, owing to the depth-dependent viscosity that also results in larger flow velocity in the upper mantle (nondimensional velocity of $10 4 or 5 cm/yr) than that in the lower mantle (Figure 2b ). By time-averaging surface and CMB heat fluxes Q s and Q cmb (Figure 2a) , we find that internal heating rate z m = (Q s À Q cmb )/Q s is 51%. Latent heating of the phase changes results in elevated temperature in the transition zone and adiabatic heating leads to adiabatic temperature gradient (Figure 2c for T ave (r) that is 
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ZHONG: CONSTRAINTS ON THERMOCHEMICAL CONVECTION averaged both horizontally and in time). Adiabatic temperature is also determined by integrating adiabatic gradient ga(r)T ave (r)/c p [Turcotte and Schubert, 2002] from the base of the top TBL to the CMB (Figure 2c ). Comparison of the adiabatic temperature with T ave (r) shows sub-adiabatic temperature with its maximum of $0.053 immediately above the bottom TBL, which correspond to $180 K for DT = 3400 K.
[14] A key aspect of this study is to quantify the three observables in numerical models: the background mantle temperature, plume heat flux, and plume excess temperature. At a given time step, we compute horizontally averaged temperature T bg (r) excluding cold downwellings (i.e., only considering where T ! T ave (r)). The upper mantle temperature is T bg (r um ) at radius r um = 0.9529 (i.e., r = 6070 km or depth of 300 km). Applying time average to T bg (r um ) gives the first observable, the upper mantle temperature T um . It should be pointed out that T bg (r) differs only slightly from T ave (r) and the differences are $1% in the upper mantle and $2% at large depths in the lower mantle. However, because the inferences of the upper mantle temperature, plume excess temperature and plume heat flux are all made with respect to the normal upper mantle outside subduction zones, we think that it is more appropriate to use T bg (r).
[15] To quantify plume-related observables, we first define and locate upwelling plumes. The following scheme is used.
(1) For a given time step and radius r, search through the temperature field to find the maximum temperature T max . (2) Search through the temperature field to find a maximum temperature T i and its location (q i , f i ) and take T i as plume temperature for plume i. Continue to step 3 if T i > T bg (r) + f[T max À T bg (r)] for a given threshold parameter f. Otherwise, go back to step 1 for next radius. (3) For plume i, search the elements within arc distance of r arc from its center location (q i , f i ) to determine its plume region. An element belongs to plume i, if its radial velocity u r is positive (i.e., upward) and its temperature !T bg (r). (4) Exclude the plume region for plume i for consideration for next plume and go back to step 2 to search for next plume. At the end of the process, the number of plumes and temperature for each plume at each radius are determined. While parameter f determines threshold temperature at plume centers, r arc controls the maximum radial extend of a plume. In this study, f and r arc are set to be 0.2 and 0.15 (i.e., 950 km), respectively. Temperature fields and plume regions identified by the above scheme are shown in Figure 3 for two different depths for thermal structure in Figure 1a . Notice that plumes in Figure 3d identified from our detection scheme tend to occupy larger regions than those in Figure 1a . This is because T ! T bg (r) criterion is used in our detection scheme, while Figure 1a is isosurface of certain residual temperature. The effects of the choices of f and r arc on the model results are small and are discussed later. Notice that downwelling regions are also defined in Figures 3c and 3g as where u r is negative and temperature T ave (r).
[16] To determine plume excess temperature, we take the maximum temperature for each plume T i at a given depth and then compute the averaged plume temperature T p (r) at this depth ( Figure 2c ). Plume excess temperature at 300 km depth normalized by the background temperature DT plume_um is then determined by time-averaging [T p (r um ) À T um ]/T um at this depth. To quantify plume heat flux, convective heat flux is first defined as q adv = u r [T À T bg (r)]. Conductive heat flux is ignored, and this is justified for convection-dominated regions (i.e., outside the top and bottom TBLs). The q adv is significant and positive for both downwellings and upwellings but is nearly zero in other regions even in some of the plume regions identified by our detection scheme where temperature may be only slightly larger than T bg (r) (Figures 3b and 3f ). There are small regions where q adv is slightly negative, and this is caused by upward (downward) advection of relatively The numbers in and out of parentheses are the heat generation for the bottom and top layers, respectively. where S d is the area for downwellings at this radius.
[17] The three observables: upper mantle temperature, plume heat flux and plume excess temperature, are computed at 300 km depth and are time-averaged for the steady state results, using the above schemes. For Case WM1, at 300 km depth, mantle temperature T um is 0.358, and plume temperature T p (r um ) is 0.496 with standard deviation of 0.050. Plume excess temperature in the upper mantle normalized by the background temperature, T um , DT plume_um = 0.38 with standard deviation of 0.14, and upper mantle plume heat flux normalized by Q s , Q plume_um = 12.4% with standard deviation of 4% (Table 2) . These results are not sensitive to the choices of parameters f and r arc that help locate the plumes. For example, reducing f from 0.2 to 0.1 leads to nearly identical results for plume excess temperature DT plume_um and plume heat flux Q plume_um with difference at the third significant digit. A resolution test is performed in which the number of elements in horizontal directions is doubled, while the vertical resolution is kept the same due to limitations from the computers (i.e., increasing resolution from 256 Â 192 Â 64 in Case WM1 to 384 Â 256 Â 64 in Case WM1r). The test demonstrated the robustness of the results, especially considering the standard deviations (Table 2 ). [18] Plume heat flux varies with depth and decreases by a factor of 3.2 from 2360 km (i.e., r = 0.6295) to 300 km depths (Figure 2d ). Although plume heat flux in the upper mantle Q plume_um accounts for 25.3% of Q cmb (because Q plume_um = 12.4%Q s and Q cmb = 49%Q s ), $81% of Q cmb is transported by plumes right above the CMB at $2360 km depth (Figure 2d ). The reduced plume heat flux with radius is caused by adiabatic cooling and possibly diffusive cooling of plumes, as indicated by decreasing T p (r) À T ave (r) with r, and also by the slight subadiabatic temperature (Figure 2c ). Notice that in Figure 2d , plume heat flux is only determined outside the top and bottom TBLs, because plume heat flux as convective heat flux is only meaningful outside the TBLs.
[19] Convective heat flux for downwellings Q d (r) and total heat flux Q(r) (i.e., convective and conductive heat flux) as a function of radial position are also determined (Figure 2d ). Q(r) generally increases with radius owing to the internal heating. However, Q(r) also oscillates at 670 km and 410 km depths owing to the latent heating effect. Downwelling heat flux Q d (r) decreases with depth, and is complementary to plume heat flux Q p (r). Notice that the sum of Q d (r) and Q p (r) may differ slightly from Q(r), because of negative convective heat flux in some regions as discussed earlier.
[20] It is worthwhile to note that for Case WM1 with internal heating rate z m = 51%, Q plume_um = 12.4%Q s and DT plume_um = 0.38 are significantly larger than the inferred plume heat flux of 6 -10% of Q s and plume excess temperature of 0.19 -0.27 of T um (Figures 4a -4c ), indicating that the plumes in Case WM1 are too hot and transfer too much heat flux, compared with the observations. However, T um = 0.358 is within the observed range of the upper mantle temperature. While mantle temperature of $1320°C at 300 km depth is relatively well constrained, T cmb has relatively large uncertainties at 3400 ± 500°C [Boehler et al., 1995] , which leads to relatively large uncertainty in T um ranging from 0.338 to 0.455. An important goal of this study is to examine the parameter space in which model plumes are consistent with the observed. We hypothesize that it is the internal heating rate z m that controls the plume observables. Seven additional cases with different controlling parameters Ra and H are computed to test this hypothesis.
[21] Cases WM2 and WM3 have internal heat generation rate H = 36 and 108, respectively, but are otherwise identical to Case WM1. The larger H is, the larger the mantle temperature ( Figure 2c ) and internal heating rate z m (Table 2) are. Also, the larger H is, the weaker upwelling plumes are (Figures 1a -1c) , which is expected because for entirely internally heated convection, no upwelling plumes are expected. The increase in mantle temperature with H ( Figure 2c ) causes both plume excess temperature DT plume_um and plume heat flux Q plume_um to decrease Figure 1a for Case WM1. In Figure 3d , the top and bottom thermal boundary layers are excluded.
ZHONG: CONSTRAINTS ON THERMOCHEMICAL CONVECTION ( Figure 2d ). This is because DT plume_um and Q plume_um are both dependent on T um and because plume temperature T p (r um ) is insensitive to H (Table 2 ). For cases WM2 and WM3, z m is 34% and 65%, Q plume_um is 26.5% and 7.3% of Q s , and DT plume_um is 0.73 and 0.28 of T um , and T um is 0.297 and 0.404, respectively (Table 2) . Clearly, Case WM3 with larger internal heating rate z m leads to plume heat flux and plume excess temperature that are more consistent with the inferred values for the upper mantle.
[22] Five additional cases (cases WM4-WM8) are computed with Ra varying by a factor of 9 and H varying between 18 and 108 ( Table 2 ). The general trend is that z m decreases with increasing Ra for a fixed H and also decreases with decreasing H for a fixed Ra (Table 2) . CMB and surface heat fluxes generally increase with Ra, and for a fixed H this leads to a larger fraction of CMB to surface heat fluxes or smaller internal heating rate z m . For a fixed Ra, surface heat flux decreases with decreasing H, while CMB heat flux is less sensitive to H. This causes z m to decrease with decreasing H for a fixed Ra.
[23] Figures 4a -4c demonstrate the controlling effect of internal heating rate z m on these observables: While the upper mantle temperature T um increases with z m , both plume excess temperature DT plume_um and plume heat flux Q plume_um decrease with z m . For isochemical models to satisfy these observations, internal heating rate z m needs to be $65%. For small z m , plumes are too hot relative to the background mantle temperature and transfer too much heat flux. It is also worthwhile to point out that plume temperature T p (r um ) is nearly constant and is $0.5 for all these cases (Figure 4d ), suggesting that T p (r um ) be largely controlled by the temperature of the bottom TBL.
[24] These results do not seem to be sensitive to Ra. This may be understood by considering these observables for a simple Cartesian, isoviscous and basal heating thermal convection. It is well known for such a convection, the background temperature is the mean temperature or 0.5, the plume excess temperature is $0.5, and upwelling plumes and downwellings are each responsible for transferring 50% of the surface heat flux [Zhong, 2005] , independent of Ra. That is, for Cartesian, isoviscous and basal heating convection, T um = 0.5, DT plume_um = 1, and Q plume_um = 50%, independent of Ra. For spherical, isoviscous and basal heating convection, considering energy balance at the CMB and surface leads to T um $ R cmb 2 /(R e 2 + R cmb 2 ) where R cmb is the core radius, and the resulting upper mantle temperature T um is significantly smaller than that for its Cartesian counterpart, causing plume excess temperature DT plume_um and plume heat flux Q plume_um to be significantly larger than their Cartesian counterparts and also larger than the observed values for the upper mantle. Adding internal heating is an effective way to bring these observables to the observed values. The current study shows that for realistic viscosity structure and thermodynamic parameters that are used here, $65% internal heating rate is needed to explain the observed plume excess temperature, plume heat flux and upper mantle temperature.
Thermochemical Models
[25] Layered mantle models contain four controlling parameters: buoyancy number b and the bottom layer thickness d b , in addition to internal heat generation rate H and Rayleigh number Ra. Also, H for the top and bottom layers (H top and H botm ) can be different. On the basis of proceeding isochemical models, we hypothesize that the internal heating rate for the top layer z top controls those three observables in thermochemical models. In total, 13 thermochemical cases with different controlling parameters are computed to test this hypothesis and to examine the controls on the plume-related observables.
[ structures (Figure 1d ). Vigorous convection also exists in the bottom layer but with much smaller temperature anomalies than those for convection in the top layer, as indicated by the RMS of flow velocity that is significant in the bottom layer, but less than that in the top layer (Figure 5b) , and by the horizontally averaged temperature T ave (r) that displays an additional TBL at the compositional boundary (Figure 5c ).
[27] The compositional boundary is deformed by downwellings and upwelling (Figures 1d and 1e) . While the upwelling plumes entrain dense materials from the bottom to top layers, the bottom layer entrains the light materials from the top layer as sheet-like structure below the linear ridge upwelling structures, suggesting a mechanical coupling between the two layers. Entrainment with similar plume and sheet structures in the top and bottom layers was reported in laboratory models in which the top layer is less viscous and less dense than the bottom layer [Davaille, 1999b] . However, owing to the temperature dependent viscosity, the top layer in the current study is significantly (a factor of $20) more viscous than the bottom layer ( Figure 5b ). The entrainment should eventually mix the two components and destroy a layered system [Sleep, 1988; Davaille, 1999a; Gonnermann et al., 2002; Jellinek and Manga, 2002; McNamara and Zhong, 2004; Zhong and Hager, 2003] . However, none of our models has evolved into that stage, while reaching a steady state (Figure 5a ). The horizontally averaged compositional field C ave (r) shows that the entrainment has not yet modified the twolayer structure significantly (Figure 5c ).
[28] The three observables are determined in the same way as for isochemical models. For Case LMA1, T um = 0.261, T p (r um ) = 0.367 with standard deviation of 0.019, DT plume_um = 0.41 with standard deviation of 0.07, and Q plume_um = 17.5% with standard deviation of 2% ( Table 2 ). Notice that plume temperature T p (r um ) is significantly smaller than that from isochemical models, as indicated previously by Farnetani [1997] . However, because the upper mantle temperature T um is also greatly reduced for thermochemical models, the normalized plume excess temperature DT plume_um is not necessarily smaller than that for isochemical models.
[29] The internal heating rate for the whole mantle z m is 65%. Internal heating rate for the top layer z top is determined as 43% by using z top = 1 À Q comp_b /Q s where Q comp_b is the heat flux across the compositional boundary and can be determined from total heat flux Q(r) at the compositional boundary r = r comp_b = r cmb + d (Figure 5d) . Notice that z top should always be smaller than or equal to z m , as the bottom layer may have nonzero internal heat generation. Also notice that plume heat flux Q p (r) and downwelling heat flux Q d (r) (Figure 5d for Q p (r) and Q d (r) in the top layer outside the TBLs) show similar dependences on r to those for isochemical models (Figure 2d ). In summary for case LMA1 with z top = 43%, plumes are too hot and transfer too much heat flux, and the upper mantle temperature is too cold, compared to the observed.
[30] Cases LMA2 and LMA3 are identical to Case LMA1 except that H top is increased to 54 and 72, respectively. Mantle temperature increases with H top in the top layer, but remains largely unchanged in the bottom layer (Figure 5c ). Increasing H top leads to larger z m and z top , but weaker plumes, and consequently smaller plume excess temperature DT plume_um and plume heat flux Q plume_um ( Figure 5d and Table 2 ), similar to those in isochemical models. For Case LMA3, internal heating rate for the top layer z top = 61%, internal heating rate for the whole mantle z m = 78%, and three observables are: the upper mantle temperature T um = 0.325, plume excess temperature DT plume_um = 0.25, and plume heat flux Q plume_um = 10.2%, all similar to the observed (Table 2) . A resolution test for Case LMA3 in which the number of elements in horizontal directions is doubled shows the robustness of the results (Table 2) .
[31] Six additional cases (Cases LMA4 -9 in Table 2 ) are computed with Ra varying by a factor of 3, H top varying between 18 and 72, H botm varying between 54 and 108, and buoyancy number b varying between 2/3 and 3/2, but d b is kept as 0.1. The three observables T um , DT plume_um , and Q plume_um show similar dependences on z top as in isochemical models; that is, as z top increases, T um increases, while DT plume_um and Q plume_um decrease (Figures 6a -6c ). These three observations are well reproduced when z top $60-65% (Figures 6a -6c) . The results are insensitive to Ra and b, although Ra is only varied by a factor of three (Table 2) . Also notice that for a given internal heating rate for the top layer z top , plume excess temperature DT plume_um and upper mantle temperature T um from thermochemical models are smaller than those from isochemical models with the same internal heating rate. This is similar to those in previous studies suggesting that the layered mantle models lead to smaller upper mantle temperature [Spohn and Schubert, 1982; McNamara and van Keken, 2000] and plume excess temperature [Farnetani, 1997] .
[32] Four other cases (cases LMB1 -4) are also computed with a thicker bottom layer or d b = 0.176 (i.e., 1121 km). This increased d b doubles the bottom layer volume compared with LMA models, and is similar to that of Kellogg et al. [1999] . Given that the results are rather insensitive to Ra and b as seen in isochemical models and LMA models, in these four cases, we only vary H top , while Ra = 1.2 Â 10 8 , b = 1, H botm = 108 (Table 2 ). Similar dependences of upper mantle temperature T um , plume excess temperature DT plume_um , and plume heat flux Q plume_um on internal heating rate for the top layer z top are observed (Figures 6a -6c ). When z top $60%, these three observations are reproduced.
[33] It is interesting to notice that for a given internal heating rate for the top layer z top , T um is greater for cases with larger d b (Figure 6c ). This is expected for spherical mantle convection in which T um $ R comp_b 2 /(R e 2 + R comp_b 2 ) where R comp_b is the average radius of the compositional boundary. Larger d b leads to smaller curvature difference between the surface and compositional boundaries (i.e., R e and R comp_b ), thus increasing the interior temperature. This increased T um for cases with larger d b is also responsible for the reduced DT plume_um and Q plume_um for these cases (Figures 6a -6c) . Plume temperature T p (r um ) for thermochemical models is weakly dependent on z top and increases with z top (Figure 6d ). This arises because the temperature at the compositional boundary T ave (r comp_b ) (e.g., Figure 5c ) shows similar dependence on z top (Figure 6e) , and because T ave (r comp_b ) controls the temperatures of the TBL and of plumes that are derived from the TBL. Plume temperature normalized by the temperature at the compositional bound- Figure 6 . Dependences of (a) plume heat flux Q plume_um , (b) plume excess temperature DT plume_um , (c) upper mantle temperature T um , (d) plume temperature T p (r um ), (e) average temperature at the compositional boundary T ave (r comp_b ), and (f) normalized plume temperature by average temperature at the compositional boundary T p_n (r um ) on internal heating rate for the top layer z top for thermochemical models (squares and diamonds for LMA and LMB cases, respectively). Standard deviations for Q plume_um , DT plume_um , and T um and the range of observed values (shaded horizontal bars) are also plotted in Figures 6a -6c.
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ZHONG: CONSTRAINTS ON THERMOCHEMICAL CONVECTION ary T ave (r comp_b ), T p_n (r um ), is nearly constant at $0.6 (Figure 6f ). However, T p_n (r um ) for LMB cases is generally larger than that for LMA cases, and they are all generally larger than T p (r um ) for isochemical models (Figure 4d ).
Discussions
[34] In this study, 3-D regional spherical models of mantle convection with relatively realistic mantle rheology and thermodynamic parameters are computed for different Rayleigh number, internal heating generation, buoyancy number and bottom layer thickness for layered mantle models. Plume excess temperature, plume heat flux, and mantle background temperature at the upper mantle depth (300 km depth) are quantified from these models and are compared with the observations. It was found that the controlling parameter for these three observables is the mantle internal heating rate for whole mantle convection (i.e., isochemical) or the internal heating rate for the top layer of a layered mantle (i.e., thermochemical). In order to reproduce the observed plume excess temperature, plume heat flux and the upper mantle temperature, internal heating rate for whole mantle convection needs $65%, while for layered mantle, the internal heating rate for the top layer is 60-65% for the two bottom layer thicknesses considered. These results have implications for plume dynamics, the Earth's heat budget, CMB heat flux, layered mantle models and geochemistry.
Plume Dynamics
[35] Mantle plumes as a probe to mantle dynamics have been studied extensively since the plume idea was proposed by Morgan in 1970s. Two main geophysical observations associated with plumes are plume heat flux and plume excess temperature, both of which are constrained by surface observations, as reviewed recently by Davies [2005] . However, the estimate of plume heat flux has been debated. First, it was suggested that not all the hot spots used by Davies [1988] and Sleep [1990] in estimating plume heat flux are caused by mantle plumes [Courtillot et al., 2003] . Second, it was suggested that not all the deep mantle plumes produce observable surface features. For the latter, it was proposed that there are as many as 5000 plumes in the mantle, but the majority of them, while together transferring significant heat flux, are too weak to produce surface volcanisms [Malamud and Turcotte, 1999] . It was also suggested that mantle plumes when ascending to weak asthenosphere may be homogenized and dispersed, thus becoming undetectable at the Earth's surface [Montelli et al., 2004] .
[36] A recent study on the dynamics of mantle plume population in 3-D high Ra convection models [Zhong, 2005] demonstrates that plume spacing is limited by the depth of the mantle even at very high Ra and that tens of plumes are expected, thus directly refuting the proposal for thousands of mantle plumes [Malamud and Turcotte, 1999] . The current study shows that the weak asthenosphere actually localizes mantle plumes and plume heat flux (Figure 3) , while maintaining the general trend of total plume heat flux with depth (Figure 2d ). That the plumes are localized in the upper mantle is consistent with the suggestion that Hawaiian plume may only be $70 km in radius to explain vertical motion history of Hawaiian islands and swell topography [e.g., Zhong and Watts, 2002] . A unique aspect of the current study is that the controls on plume heat flux and plume excess temperature are examined simultaneously in 3-D models of multiple plumes. The model results show that plume heat flux and plume excess temperature are inherently related to each other and are both controlled by internal heating rate of the mantle. In particular, it is found that model plume heat flux and excess temperature either both satisfy or both violate the observations (Figure 4) , and that for plume excess temperature of $300 K, plume heat flux is expected to accounts for 6-10% of surface heat flux. This suggests that the plume heat flux estimated by Davies [1988] and Sleep [1990] is reasonable.
[37] In addition, it was suggested by Farnetani [1997] that layered mantle models can reproduce plume excess temperature of $300 K but whole mantle convection often overpredicts the plume excess temperature. The current study shows that plume excess temperature can be explained in either whole mantle or layered mantle models, provided that mantle internal heating rate is sufficiently high (Figures 4b and 6b) . Internal heating rate controls the plume excess temperature mainly by affecting upper mantle background temperature, as plume temperature is rather uniform for different model parameters and only depends on temperature at the CMB for whole mantle convection or at the compositional boundary for layered mantle models (Figures 4d and 6f ).
Plume Heat Flux, CMB Heat Flux, and Earth's Heat Budget
[38] It is generally agreed that among the total heat flux out of the Earth's surface, $36 TW is released via mantle convection, while $7 TW is from radiogenic heating within continental crust [Davies, 1999] . The 36 TW mantle heat flux should consist of mantle internal heating (i.e., heating derived from mantle radioactive elements and mantle secular cooling) and heat flux from the core (i.e., heat flux at the CMB, Q cmb ). Q cmb was estimated to be 2.4-3.5 TW on the basis of plume heat flux estimates [Davies, 1988 [Davies, , 1999 Sleep, 1990] , as discussed earlier. This has led Davies [1999] to conclude that the mantle is 90% internally heated. However, considerations of core processes led to much higher estimates of Q cmb ranging from 4 to 9 TW [Anderson, 2002] , and possibly as high as 12 TW Nimmo et al., 2004] , implying much lower internal heating rate for the mantle.
[39] One crucial question is to what extent the plume heat flux represents the CMB heat flux Q cmb . For example, it was suggested that the plume heat flux is only a lower bound on Q cmb , as a significant fraction of Q cmb may be consumed to heat up the cold downwellings [Labrosse, 2002] . However, in the current study, it was demonstrated that mantle plumes actually transfer the majority ($81%) of Q cmb when the plumes just take off from the bottom TBL for whole mantle convection model (Figure 2d ). That is, cold downwellings only consume relatively small but not insignificant amount of Q cmb . The difference between the current study and that of Labrosse [2002] may be caused by temperaturedependent rheology and spherical geometry that were not included by Labrosse [2002] but are important for plume dynamics. However, the current study also found that the plume heat flux at the upper mantle depth is not representative for Q cmb . This is caused by adiabatic and diffusive cooling of mantle plumes as they ascend and subadiabaticity of $180 K in mantle geotherm that together may reduce plume heat flux by a factor of 3 from large depths in the lower mantle to the upper mantle (Figure 2d) .
[40] For whole mantle convection, the current study suggests that mantle internal heating rate z m is $65% or the CMB heat flux Q cmb should account for 35% of surface heat flux Q s . This amounts to Q cmb of 12.6 TW and mantle internal heating of 23.4 TW, for surface mantle heat flux Q s of 36 TW. For layered mantle models, the current study suggests that internal heating rate for the top layer z top is $60%, or 40% of Q s (i.e., 14.4 TW) should come from the bottom layer to the top layer. This 14.4 TW is an upper bound on Q cmb , because the bottom layer of the mantle which may be more enriched in radioactive elements may provide significant fraction of 14.4 TW that enters the top layer.
[41] Alternatively, we may estimate mantle internal heat generation rate from mantle secular cooling rate and mantle composition models. From studies of Archean MORB-like rocks from greenstone belts and ophiolite suites, Abbott et al. [1994] reported a mantle secular cooling rate _ T sec of 50 -70 K/Ga. Nisbet and Fowler [1983] estimated $100 K/Ga mantle cooling rate based on studies of Archean komatiites [Green, 1975; Nisbet et al., 1993] . However, Grove and Parman [2004] indicated that the cooling rate estimates from Archean komatiites could be much smaller because the komatiites may be produced from wet and subduction settings. Thermal evolution models often suggest a mantle secular cooling rate _ T sec of 70 -80 K/Ga [Davies, 1999; Schubert et al., 2001] . If we take _ T sec = 70-80 K/Ga, then the heat flux from mantle secular cooling is M m _ T sec c p $9.0-10.3 TW, where M m is the mass of the mantle. Radiogenic heating for present-day Earth from the standard geochemical model (i.e., bulk silicate Earth model or BSE) is $20.5 TW [e.g., Workman and Hart, 2005] . This leads to $13.5 TW radiogenic heating for the mantle after excluding 7 TW for the continental crust. Adding together mantle radiogenic heating and heat flux from the secular cooling gives total mantle internal heating of 22.5 -23.8 TW, which is generally consistent with the required 23.4 TW internal heating from our isochemical models with z m $65%. However, for layered mantle models, radiogenic heat generation rates for the top and bottom layers may differ significantly. The current study using plume related observations only constrains the internal heating rate for the top layer (e.g., z top $60%), although it may be considered as a lower bound on the internal heating rate for the whole mantle.
Layered Mantle Models, the Depleted Mantle Reservoirs, and Geochemistry
[42] The current study shows that for whole mantle convection, the CMB heat flux Q cmb is required to be $12.6 TW, which either exceeds estimated Q cmb or is on the high end of estimated Q cmb from other methods [Anderson, 2002; Nimmo et al., 2004] . However, a compositionally heterogeneous or layered mantle as suggested by recent seismic observations [e.g., Masters et al., 2000; Ni et al., 2002] may reduce Q cmb [e.g., Davaille, 1999a; Tackley, 1998 ]. For a layered mantle, the required internal heating rate for the top layer z top may help constrain the radiogenic heat generation rate (i.e., composition) and total mass for the top layer.
[43] For a layered mantle, M top (g top + _ T sec c p ) = Q s z top is the energy balance for the top layer with mass M top , radiogenic heat generation rate g top , and secular cooling rate _ T sec . Given the weak dependence of the required z top on bottom layer thickness (Figure 6 ), we assume that z top $60% is applicable to layered models with relatively thin bottom layer. Taking Q s $ 36 TWand _ T sec $80 K/Ga, a lower bound estimate of g top may be made by assuming that the top layer occupies nearly the whole mantle or M top % M m . The lower bound estimate of g top is 2.82 Â 10 À12 W/kg, and this estimate would be larger for a smaller _ T sec . However, this lower bound estimate of g top at 2.82 Â 10 À12 W/kg is significantly larger than 0.76 Â 10 À12 W/kg for depleted MORB source (DMM) [e.g., Workman and Hart, 2005] . On the other hand, if we assume that the top layer consists of the DMM with radiogenic heat generation rate 0.76 Â 10 À12 W/kg and M top % M m , the mantle secular cooling rate _ T sec must be $145 K/Ga to provide the required internal heating of 21.6 TW (i.e., 60%Q s ), and even larger _ T sec is needed for a smaller fraction of the mantle that the DMM occupies (i.e., M top < M m ). This suggests that unless the mantle secular cooling rate _ T sec is greater than 145 K/Ga, the top layer cannot be the DMM at least in terms of radiogenic element concentration.
[44] If we assume that radiogenic heating elements of the mantle from the BSE model are uniformly distributed in the mantle, then average mantle radiogenic heat generation rate g BSE_m is $3.33 Â 10 À12 W/kg (note that the radiogenic heat generation rate for the primitive mantle g prim_m is $5.06 Â 10 À12 W/kg [e.g., Workman and Hart, 2005] ). Taking z top $60%, Q s $36 TW and _ T sec $80 K/Ga, and assuming that g BSE_m is an upper bound on radiogenic heat generation rate for the top layer g top , energy balance M top (g top + _
T sec c p ) = Q s z top , leads to a lower bound estimate on the top layer mass M top or the thickness of the top layer if the PREM density model is used. Such a lower bound estimate on the thickness of the top layer is 2520 km (i.e., an upper bound on the bottom layer thickness d b at 350 km). A thinner top layer or thicker bottom layer is only possible if the secular cooling rate is significantly higher than 80 K/Ga or radiogenic heat generation rate for the top layer is higher than 3.33 Â 10 À12 W/kg. [45] The above analyses suggest a layered mantle in which the top layer is relatively thick (>2520 km) with radiogenic heat generation rate >2.82 Â 10 À12 W/kg that is significantly larger than that for the DMM. The large layering depth is consistent with geodynamic studies on the spectra of thermochemical convection models and seismic structure [Tackley, 2002] and on the formation of the African and Pacific thermochemical anomalies in the lower mantle [McNamara and Zhong, 2005] . It is also supported by seismic studies on the large-scale structure of the mantle above the CMB [Masters et al., 2000] and on mantle plumes that some of the plumes are originated at the CMB [Montelli et al., 2004] .
[46] The suggestion that the top layer of a layered mantle is significantly more enriched than the DMM is inconsistent with conventional geochemical models for the MORBs [e.g., Hofmann, 1997; Workman and Hart, 2005] . However, the averaged MORB source composition depends on the choice of sampled ridge segments [Su, 2003] . More importantly, recent studies suggest that the melting, mixing and sampling processes in the shallow mantle should play an important role in affecting geochemical signatures of volcanic rocks including MORB and OIB [Helffrich and Wood, 1997; Meibom and Anderson, 2004; Ito and Mahoney, 2005] . For example, Ito and Mahoney [2005] show that the MORB and OIB may be derived from the same mantle source with radiogenic heat generation rate ranging from 1.52 Â 10 À12 to 3.04 Â 10 À12 W/kg (i.e., 30-60% of the primitive mantle heat generation rate). This is consistent with the required 2.82 Â 10 À12 W/kg or larger radiogenic heat generation rate for the top layer of the mantel from our models.
Conclusions
[47] Three-dimensional regional spherical models of mantle convection with extended-Boussinesq approximation and with depth-and temperature-dependent mantle viscosity and depth-dependent thermodynamic parameters are computed for different Rayleigh number, internal heat generation rate, buoyancy number, and bottom layer thickness for layered mantle models. Plume excess temperature, plume heat flux, and mantle background temperature at the upper mantle depth (300 km depth) are quantified from these models and are compared with the estimated values for the upper mantle to constrain thermochemical convection of the mantle. The main results can be summarized as follows.
[48] 1. The controlling parameter for observables: plume excess temperature, plume heat flux, and upper mantle temperature, is the internal heating rate for the mantle for whole mantle convection or the internal heating rate for the top layer of a layered mantle.
[49] 2. In order to reproduce the observed/estimated plume excess temperature, plume heat flux and the upper mantle temperature, internal heating rate for whole mantle convection needs $65%, while for layered mantle, the internal heating rate for the top layer is 60-65% for bottom layer thicknesses <$1100 km.
[50] 3. The core heat flux is $12.6 TW for whole mantle convection model, and this relatively large core heat flux implies that the mantle may be layered. For a layered mantle, an upper bound on the core heat flux is determined at $14.4 TW, although the actual core heat flux may be much lower.
[51] 4. Immediately above the thermal boundary layer from which plumes are derived, plume heat flux accounts for the majority ($80%) of the heat flux across the boundary layer, confirming the original hypothesis by Davies [1988] and Sleep [1990] that core heat flux is largely released via mantle plumes in whole mantle convection. However, plume heat flux decreases significantly (i.e., by as much as a factor of 3) as plumes ascend through the mantle to the upper mantle, owing to the adiabatic and possibly diffusive cooling of the plumes and owing to a slight ($180 K) subadiabaticity in mantle geotherm, indicating that plume heat flux at the upper mantle depth inferred from surface swell topography and plate motion is not a good indicator of core heat flux.
[52] 5. Plume temperature in the upper mantle is $0.5 of temperature at the CMB for whole mantle convection, independent of model parameters including internal heating rate and Rayleigh number. This suggests a CMB temperature of 3240°C, for plume temperature of 1620°C or plume excess temperature of 300°C in the upper mantle. For layered mantle models, the plume temperature is $0.6 of temperature at the compositional interface, implying $2700°C temperature at the interface and potentially significantly higher CMB temperature.
[53] 6. The top layer of a layered mantle is relatively thick (>2520 km) with radiogenic heat generation rate >2.82 Â 10 À12 W/kg which is more than 3 times of that for the depleted mantle source for the MORBs, for mantle secular cooling rate of 80 K/Ga. A thinner top layer with smaller radiogenic heat generation rate is possible only with larger secular cooling rate.
[54] Future studies are needed to examine the effects of larger viscosity variations associated with mantle plumes (i.e., larger activation energy) that may increase the vertical flow velocity of mantle plumes and hence plume heat transfer. Although the current study found no significant effects of buoyancy numbers, further studies with even smaller buoyancy number may be needed. Reduced buoyancy number may localize the dense components and expose the CMB directly to cold downwellings, which may resemble more present-day Earth's mantle [Masters et al., 2000; Ni et al., 2002 Ni et al., , 2005 Wen et al., 2001; Wang and Wen, 2004; McNamara and Zhong, 2005] . The larger viscosity contrasts and reduced buoyancy numbers may present significant computational challenges to currently available numerical models.
Appendix A: Numerical Methods and Benchmarks for Convection Code CitcomCU
[55] We first discuss numerical methods in CitcomCU and then present benchmark cases. The numerical methods for Cartesian CitcomCU are similar to those in the original Citcom [Moresi and Gurnis, 1996] , except for new extensions including parallel computing, full multigrid solver [Zhong et al., 2000] , and particle-based advection scheme for thermochemical convection. The mathematical and numerical treatment of spherical geometry in CitcomCU is same as that in global spherical shell convection code CitcomS except for grid structure [Zhong et al., 2000] . Regional spherical geometry in CitcomCU enables higher spatial resolution which is important for the current study on plume dynamics. Billen et al. [2003] published the first regional spherical models on subduction dynamics using an independent code.
[56] To model thermochemical convection, a particle ratio method [Tackley and King, 2003 ] is used in CitcomCU, similar to what has been recently done in CitcomS [McNamara and Zhong, 2004] . Because regional spherical models use regular grids with uniform spacings in colatitude q and longitude f directions, the implementation of the particle method is relatively straightforward, compared with that for global spherical models [McNamara and Zhong, 2004] . The particle-based advection scheme is similar to that used by Zhong and Hager [2003] and McNamara and Zhong [2004] . The main features can be summarized as follows. For advection of compositional field C at a given time step, an Euler method is first used as a predictor to predict particle positions using velocity field from previous time step, V o . The particle distribution is converted to compositional field C, using Tackley and King's particleratio method. This predicted C field coupled with thermal buoyancy is then used to determine a new velocity field, V n . V o and V n are then used to determine the final particle positions for the current time step, using a second order Runge-Kutta scheme.
[57] Benchmark calculations using CitcomCU were done for isochemical and thermochemical convection in 3D Cartesian and regional spherical geometries. All the benchmark cases presented here assume an isoviscous flow, entirely basal heating, and the Boussinesq approximation. Isothermal and free-slip boundary conditions are applied at the top and bottom boundaries, while the sidewalls use thermally insulating and free-slip boundary conditions. In the benchmark calculations, isochemical convection models for different Rayleigh number are computed first to a steady state or statistically steady state, and the steady state temperature is then used as initial condition for thermochemical convection calculations. Entrainment in two-layer thermochemical convection continuously mixes the two layers and causes gradual reduction in the density difference between the two layers. This process may eventually homogenize the two fluids into a single layer fluid [Davaille, 1999a; McNamara and Zhong, 2004] . This benchmark study focuses on quantifying statistically steady state solutions before the two-layer fluid is completely homogenized.
[58] We first present calculations in regional spherical geometry. Isochemical convection calculations in regional spherical geometry are computed in a domain with inner radius r i = 0.55 and outer radius r o = 1.0, longitudes from f s = 0 to f e = 36°, and co-latitudes from q s = 73.5°to q e = 106.5°(i.e., centered at the equator) that has similar dimensions in each direction. The initial temperature is the Figure A1 . (a) Steady state thermal structure for Case A3, and time-dependent surface (solid line) and CMB (dashed line) heat fluxes for Cases (b) A3 and (c) A4. where dT = 10 À3 .
[59] Four isochemical calculations (Cases A1 -A4 in Table A1 ) are computed for Rayleigh numbers Ra ranging from 7 Â 10 3 to 10 6 at different resolutions. Table A1 all reach a steady state with negligibly small standard deviations. For case A4 with Ra = 10 6 , however, thermal structure never reaches a steady state even after 70,000 time steps, although averaged heat flux and velocities are in a statistically steady state ( Figure A1c ). Surface and bottom heat fluxes are balanced at accuracy of 0.6% or better for all the cases. Bottom RMS velocity is always larger than surface velocity and the difference is larger for larger Ra (Table A1) .
[60] For two cases with Ra = 10 5 and 10 6 , thermochemical convection calculations are computed with buoyancy number b = 1 for different numerical resolution and particle density (Cases A5a -A5c and A6a -A6c in Table A1 ). The compositional boundary is initially flat and is at the middle mantle depth with r comp = 0.775. For Case A5a with Ra = 10 5 , 48 3 elements, and on average 15 particles per element, Figures A2a, A2b, and A2c show thermal and compositional structure after 10,000 time steps of calculation, and time dependent surface and bottom heat fluxes, respectively. Evidently, heat fluxes reach statistically steady state for this layered convection calculation ( Figure A2c ).
[61] We also quantified time dependence of total volume of the dense component C t and entrained dense component in the upper layer C e that are defined as
where the integrals are volume-integrals, and C e measures the entrainment [van Keken et al., 1997] . For Case A5a, C e increases with time, indicating continuous entrainment of the dense material into the top layer by upwellings, while C t decreases with time ( Figures A2d and A2e) , indicating the limited accuracy of our particle advection scheme in conserving the mass. The averaged entrainment rate dC e /dt and relative errors in mass conservation for C t are given in Table A1 , along with averaged surface and bottom heat fluxes and velocities. Increasing the number of particles reduces the entrainment rate slightly, but results in more noticeable improvement in the mass conservation (i.e., smaller reduction in C t ). Increasing the number of elements improves the mass conservation more significantly, and also results in a larger reduction in entrainment rate (Figures A2d and A2e) . This is consistent with the conclusion of van Keken et al. [1997] and Tackley and King [2003] that particle-based advection methods are generally not suited for studies of entrainment. However, boundary heat fluxes are relatively insensitive to numerical resolutions ( Figure A2c and Table A1 ), indicating that the advection scheme is sufficiently accurate for calculating heat fluxes. The cases with Ra = 10 6 show similar trends (Cases A6a -A6c in Table A1 and Figures A2f -A2h) .
[62] Isochemical and isoviscous convection calculations using CitcomCU in a 1 Â 1 Â 1 Cartesian box with Ra ranging from 10 4 to 10 6 is given by Zhong [2005] . The initial temperature for the isochemical calculations is given by
where dT = 10 À3 and L = 1. For two cases with Ra = 10 5 and 10 6 (Cases A7a -A7c, and A8a -A8c in Table A1 ), thermochemical convection calculations are computed with buoyancy number b = 1 for different numerical resolution and particle density. These Cartesian thermochemical convection calculations include an initially flat dense layer that occupies the bottom 40% of the box. The general characteristics of these cases are similar to those of Tackley and King [2003] . Table A1 lists the heat fluxes and entrainment rate averaged over a certain time period when the heat flux reaches a statistically steady state.
